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Abstract: Human periodontal ligament stem cells (PDLSCs) have been widely applied as seed cells and cell sheets
in periodontal tissue regeneration. Despite significant progress in PDLSCs application, it is a major challenge to
promote cell proliferation and multiple differentiations of PDLSCs because cell numbers at the initial obtaining are
limited. The goal of study was to determine the paracrine effects of human urine-derived stem cells (USCs) on cell
proliferation and osteogenic differentiation of PDLSCs when USCs were indirectly-co-cultured with PDLSCs. After
indirectly-co-cultured with USCs at different ratios (PDLSC/USC, 1/0.5, 1/1 and 1/2), number of PDLSCs among
the three co-cultured groups visibly increased from day 5 to a similar extent, and the expression of osteogenic and
cementogenic genes and proteins in the osteogenic medium significantly increased with an increasing proportion
of USCs compared to USC-free control group. In addition, osteogenic matrix PDLSC sheets at a PDLSC/USC ratio of
1/2 contained denser collagen layers and exhibited increased osteogenic and cementogenic protein expression. In
vivo transplantation showed that PDLSC sheets noncontact cocultured at a PDLSC/USC ratio of 1/2 formed more
new and dense structures and expressed higher levels of osteogenic and cementogenic proteins. In conclusion, the
present results demonstrate that USCs promote the proliferation and osteogenic and cementogenic differentiation
of PDLSCs in a ratio-dependent manner through noncontact coculture and further accelerate the regeneration of
new structures by osteogenic matrix PDLSC sheets in vivo. These results suggest their use as a new strategy for ap-
plication in clinical periodontal tissue repair.

Keywords: Tissue engineering, periodontal ligament stem cells, urine-derived stem cells, cell sheet, periodontal
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Introduction

Periodontitis, a chronic multifactorial disease
that leads to the destruction of periodontal tis-
sues, including the alveolar bone, periodontal
ligament (PDL) and cementum, affects up
to 90% of the population worldwide [1, 2].
Available clinical treatments for periodontitis,
such as periodontal flap operation, guided tis-
sue regeneration, graft transplantation and
recombinant growth factor application, can be
used either alone or in combination and can
control inflammation and repair component
periodontal tissue to a certain degree [3-5].
However, the ability of current clinical treat-

ments to regenerate complete and functional
periodontal tissue is limited [4-6]. Fortunately,
there is a recent growing focus on stem cell-
based tissue engineering as a novel treatment
option for periodontal tissue regeneration [7,
8]. To date, the results obtained in both animal
experiments and clinical studies using stem
cells derived from various tissues have shown
that the application of stem cells may be an
effective way to repair periodontal defects
[7-14].

Since stem cells in human PDL with multiple dif-
ferentiation capability, generally termed peri-
odontal ligament stem cells (PDLSCs), were iso-
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lated in 2004, a great deal of evidence has
indicated that these stem cells from the peri-
odontium are more suitable as seed cells for
periodontal cytotherapy than stem cells de-
rived from other sources [13, 15-21]. Previous
studies have shown that some trophic factors,
such as vascular endothelial growth factor
(VEGF), periostin (POSTN) and epidermal gr-
owth factor, have positive effects on the os-
teogenic differentiation of PDLSCs in vitro and
the formation of mineralized structures in vivo
[22-25]. Moreover, there is evidence that jaw
bone marrow-derived mesenchymal stem cells,
endothelial cells and osteoblast progenitors
improve PDLSCs proliferation and differentia-
tion through coculture [26-28]. However, the
translation of biological factors into clinical
treatments is suboptimal, the acquisition of
such cells is invasive, and adverse side eff-
ects may exist [8, 29]. Human urine-derived
stem cells (USCs) were first isolated from
human urine in 2008; USCs are noninvasive,
easy to collect, and stable in culture and have
the potential for multidirectional differentia-
tion [30-32]. USCs have been used as seed
cells for various aspects of regenerative medi-
cine, including bladder and urethral reconstruc-
tion, nerve regeneration and wound healing
[33-36]. However, USCs exhibit a lower capa-
city for osteogenic and chondrogenic differen-
tiation than bone marrow-derived mesenchy-
mal stem cells and adipose tissue stem cells
[31, 37]. Through paracrine effects, USCs effi-
ciently attenuate severe hind-limb ischemic
injury and particularly strengthen the chondro-
genic differentiation of bone marrow stromal
cells (BMSCs) after passaging in vitro through a
Wntl1-mediated noncanonical signaling path-
way by releasing trophic factors [38, 39]. The
trophic factors of USCs include a variety of
growth, inflammatory, and immunomodulatory
factors [38]. Given the above data, we wanted
to investigate the paracrine effect of USCs on
PDLSCs through noncontact coculture.

In addition to considerations of seed cells, the
delivery strategy for seed cells also needs to
emphasize in the cell-based periodontal regen-
erative medicine [40]. A sufficient number of
vital seed cells in the defect area must first be
ensured in routinely applied clinical therapies
[41, 42]. To this end, scaffold-free cell sheet
technology allows for the delivery of a complete
sheet of interconnected cells that rely on
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induced extracellular matrix (ECM) secretion
[43]. Although cell sheet technology has been
widely used for seed cell delivery to the peri-
odontium, concerted efforts are still being
made to harvest living cell sheets more easily
and effectively [43]. Currently, vitamin C (Vc)
and osteogenic induction are practical ways to
harvest cell sheets, and osteogenic matrix cell
sheets have been widely used in bone tissue
regeneration [44-46]. Thus, we wanted to
investigate the biological effect of USCs on the
cell sheet formation and osteogenic/cemento-
genic properties of PDLSCs.

Based on the previous research results de-
tailed above, we hypothesized that the para-
crine effect of USCs enhances the differentia-
tion and proliferation of PDLSCs and the for-
mation of PDLSC sheets at the optimal ratio
to carry out these desired functions. To apply
PDLSC sheets formed by noncontact coculture
with USCs in clinical situations, it is important
to determine the influence of USCs on the gen-
eration of periodontal structures by PDLSCs.
Thus, Transwell chambers were used to build a
noncontact coculture system in vitro, and nano-
crystalline hydroxyapatite (HA) with osteogenic
matrix PDLSC sheets noncontact cocultured
with USCs was implanted subcutaneously in
nude mice to investigate the generation of peri-
odontal-like structures in vivo.

Materials and methods

The present work was developed according to
the principles recommended for experimenta-
tion with human beings and animals deter-
mined by the Institutional Review Board of the
Stomatological Hospital of Chongqing Medical
University, and ethics committee approval was
obtained (No. 2019-024). All subjects enrolled
were informed about the procedures and objec-
tives of the study and signed a consent form.

Cell isolation and culture

PDLSCs were isolated from healthy PDL tis-
sues of premolars extracted from donors (ten
donors aged 12-18 years) undergoing orth-
odontic treatment. Primary PDLSC isolation
and proliferation were performed as described
previously with minor changes [21]. Briefly, the
extracted teeth were washed twice in sterile
phosphate-buffered saline (PBS), and then PDL
tissues were gently removed with a scalpel
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from the middle third of the root surface and
digested with 3 mg/ml collagenase type 1
(COL-1, Sigma-Aldrich, USA) for 30 min at 37°C.
After digestion, tissues were seeded into cell
culture flasks (Corning, Lowell, MA, USA) with
a-minimum essential medium (x-MEM, Sigma-
Aldrich, USA) supplemented with 15% fetal
bovine serum (FBS, Gibco, BRL, USA) and then
incubated in 5% CO, at 37°C until cells had
grown out from tissues and approached conflu-
ence. USCs were isolated from human urine
samples (100-400 ml/sample) collected from
healthy volunteers (22-26-year-old males). USC
isolation and proliferation were performed as
described previously [30]. In brief, fresh urine
samples containing penicillin and streptomycin
were transferred immediately to the laboratory
for centrifugation at 500 x g for 5 min at
room temperature; then, the supernatant was
removed, and the cell pellet was gently resus-
pended in USC-specific medium. The main USC
medium was a blend of keratinocyte serum-
free medium (Gibco, BRL, USA) and progenitor
cell medium at a 1:1 ratio. Progenitor cell medi-
um contained 1/4 Ham’s F12 medium (Sigma-
Aldrich, USA), 10 % FBS, 3/4 Dulbecco’s mo-
dified Eagle’s medium (Sigma-Aldrich, USA)
and 1% penicillin-streptomycin (Sigma-Aldrich,
USA). Other supplements in the USC-specific
medium were epidermal growth factor (EGF,
Gibco, BRL, USA), hydrocortisone, bovine pitu-
itary extract (BPE, Gibco, BRL, USA), L-gluta-
mine (Sigma-Aldrich, USA), triiodo-L-thyronine
(Sigma-Aldrich, USA), insulin (Gibco, BRL, USA),
transferrin, and adenine (Sigma-Aldrich, USA).
After adequate mixing, a single cell suspension
was plated in 24-well plates and incubated in
5% CO, at 37°C. The USC medium was first
changed after 4 days of culture and refreshed
twice a week thereafter. When USCs reached
70-80% confluence in 24-well plates, they were
passaged by digestion with 0.25% trypsin con-
taining 1 mM EDTA and transferred to 100-mm
dishes for expansion. For most experiments,
USCs and PDLSCs at passage 3-5 were used.

Colony formation assays

Single cell suspensions containing 300 PDL-
SCs or USCs were seeded in 6-well culture
plates and cultured with the respective basal
medium to assess cell proliferation. The cells
were fixed with 4% paraformaldehyde and
stained with a 1% toluidine blue solution
(Solarbio, China) after 10 days of culture.
Aggregates of 50 or more cells were counted

363

as colonies under a microscope (Nikon, Tokyo,
Japan), and the numbers of colonies per well
were counted.

Osteogenic/adipogenic differentiation

Atotal of 1 x 10° PDLSCs or USCs were seeded
in six-well plates and cultured with the respec-
tive basal medium. Adipogenic medium (10%
FBS, 0.5 mM 3-isobutyl-1-methylxanthine, 0.5
mM hydrocortisone, and 100 mg/I indometha-
cin) was used for cells at 100% confluence, and
osteogenic medium (10% FBS, 100 mM dexa-
methasone, 50 pg/ml ascorbic acid, and 5
mM B-glycerophosphate) was used for cells at
80% confluence. The induction medium was
changed every 2-3 days. Then, the cells were
fixed with 4% paraformaldehyde for 20 min
after 3 weeks of culture. Mineral deposit for-
mation was identified by 2% alizarin red
(Solarbio, China) staining, and lipid droplet for-
mation was determined by Oil Red O (Solarbio,
China) staining at room temperature. Finally,
the cells were routinely observed and photo-
graphed under an inverted microscope.

Flow cytometric analysis of cell phenotypes

To identify cell phenotypes, flow cytometry
was used to measure the cell surface marker
expression of PDLSCs and USCs at passage 3.
A single cell suspension containing approxi-
mately 1 x 10° cells was resuspended in PBS
containing 2% FBS. To assess the mesenchy-
mal stem cell (MSC) phenotype, cells were
incubated with FITC-conjugated monoclonal
antibodies against human CD31, CD34, CD45,
CD90 and CD105 (BD Pharmingen™) for 30
min on ice. Cells incubated with isotype con-
trols for the primary antibodies were used as
negative controls. Then, the cells were washed
twice to remove unbound antibody in the dark.
Finally, surface antigen analysis was performed
using a flow cytometer (BD Influx™).

Group design

To examine the effect of USCs on PDLSCs,
Transwell chambers (Millipore, USA) with 0.4-
um membrane pores were used to set up a
noncontact coculture system [26]. To assess
proliferation, PDLSCs and USCs were noncon-
tact cocultured at 3 ratios in 24-well plates as
follows: group 1: 1:0.5 (4 x 10® PDLSCs and 2 x
103 USCs), group 2: 1:1 (4 x 10% PDLSCs and 4
x 10% USCs), group 3: 1:2 (4 x 10% PDLSCs and
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Table 1. Primer sequences

medium for 21 days.

Gene Forward Reverse

PDLSCs were washed

ALP 5’-TGGCAGTGTCCAGGGAAGAA-3’
RUNX2 5’-CACTGGCGCTGCAACAAGA-3’

twice with PBS after fixa-
tion in 4% paraformalde-
hyde for 20 min at room
temperature. Calcium ac-
cumulation was detected
by 2% alizarin red stain-

5’-AACGCAGGATTTCCCACACTA-3’
5’-CACTGGCGCTGCAACAAGA-3’
OCN 5’-CCCAGGCGCTACCTGTATCAA-3"  5-GGTCAGCCAACTCGTCACAGTC-3’
POSTN 5’-ACTTTGCTGGCACCTGTGAATA-3' 5'-TCCGATGGTTTCCAGATTTTGC-3’
CEMP1 5’-ACATTTCCTTAACTGGGCTTTGC-3’ 5'-ACATTTCCTTAACTGGGCTTTGC-3’

B-ACTIN 5’-CCACGAAACTACCTTCAACTCC-3' 5’-GTGATCTCCTTCTGCATCCTGT-3’ ing, and images were

8 x 10° USCs). As a control, 4 x 10° PDLSCs
were also cultured in a monolayer in USC-free
media. To assess differentiation, PDLSCs and
USCs were cocultured while segregated at the
same ratios used to assess proliferation in
6-well plates as follows: group 1: 1:0.5 (1 x
10°% PDLSCs and 0.5 x 10° USCs), group 2: 1:1
(1 x 10% PDLSCs and 1 x 10° USCs), group 3:
1:2 (1 x 10° PDLSCs and 2 x 10° USCs). As a
control, 1 x 10° PDLSCs were also cultured in a
monolayer in osteogenic medium. For all of the
above groups, PDLSCs were cultured on the
bottom of the culture plate (lower well), and
USCs were cultured on the Transwell insert
(upper well).

Cell proliferation assay

The influence of USCs on the proliferation of
PDLSCs was analyzed by CCK-8 assays (Dojin-
do Laboratories, Japan). According to the man-
ufacturer’s instructions, 1/10 CCK-8 solution
in culture medium was added to each well, and
the plates were then incubated at 37°C for 2 h
at 1, 3, 5 and 7 days after plating. The absor-
bance at 450 nm was measured using a micro-
plate reader (EnSpire, USA).

Alkaline phosphatase (ALP) staining and activ-
ity

To stain for ALP, cocultured cells were treated
with osteogenic medium for 7 days. PDLSCs
were washed twice with PBS after fixation in
4% paraformaldehyde for 20 min at 4°C. ALP
staining and activity were examined with a
BCIP/NBT Alkaline Phosphatase Color Deve-
lopment Kit (Beyotime, Shanghai, China) and
Alkaline Phosphatase (AKP/ALP) Detection Kit
(Beyotime, China) according to the manufac-
turer’s suggested protocols.

Alizarin red staining and calcium quantification

To observe calcium deposition in the ECM,
cocultured cells were treated with osteogenic
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captured under an invert-

ed microscope. To quan-
tify the degree of mineralization, accumulated
calcium was dissolved in 1 mL of a sodium
dodecyl sulfate solution (Solarbio, Beijing,
China), and the absorbance at 562 nm was
measured using a microplate reader.

Real-time polymerase chain reaction (RT-PCR)

To measure the gene expression of ALP, runt-
related transcription factor-2 (RUNX2), osteo-
calcin (OCN), POSTN and cementum protein 1
(CEMP1), cocultured cells were treated with
osteogenic induction medium for 7 days. Total
RNA was extracted from PDLSCs with RNAiso
Plus (TakaRa Bio, Otsu, Japan) according to
the manufacturer’s protocol. Then, 1 pg of total
RNA was converted to cDNA with a TaKaRa
Prime-Script RT Reagent Kit (TaKaRa Bio, Otsu,
Japan), and PCR was performed using TB Green
Premix Ex Taq Il (TaKaRa Bio, Otsu, Japan) and
a quantitative PCR System (Bio-Rad, Hercules,
CA, USA). The housekeeping gene B-actin was
used as an internal control for PCR amplifica-
tion. The primer pairs used to amplify the target
genes are listed in Table 1.

Western blot (WB) assay

To quantify the protein expression of ALP,
RUNX2, OCN, POSTN and CEMP1, cocultured
cells were treated with osteogenic induction
medium for 7 days. Briefly, total cellular protein
was extracted from PDLSCs with ice-cold RIPA
lysis buffer (Beyotime, China) with a protease
inhibitor cocktail (Beyotime, China). The protein
concentrations of the lysates were measured
using a BCA Protein Assay Kit (Beyotime, Ch-
ina). Equal amounts of protein from each sam-
ple were separated by sodium dodecyl sul-
fate-polyacrylamide gel electrophoresis (SDS-
PAGE) and then transferred to polyvinylidene
fluoride (PVDF) membranes of the appropriate
size (GE Healthcare, UK). The membranes were
blocked with 5% nonfat dry milk for 1 h and
then incubated with primary antibodies over-
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night at 4°C. Next, the membranes were incu-
bated with a secondary antibody for 1 h. The
targeted proteins were detected with the ECL
Plus Western Blotting Detection System (GE
Healthcare, UK). The antibodies used in this
work were against ALP, OCN, CEMP1 (Abcam,
Cambridge, UK), RUNX2 (Cell Signaling, USA),
POSTN, and B-actin, and HRP-conjugated sec-
ondary antibodies were against rabbit and
mouse (Bioss, Beijing, China).

Enzyme-linked immunosorbent assay (ELISA)

To measure the expression of VEGF and basic
fibroblast growth factor (b-FGF) in medium of
USCs and the noncontact coculture system,
conditioned medium was collected and ana-
lyzed by ELISA (Jiyinmei, Wuhan, China) accord-
ing to the manufacturer’s instructions. A total
of 1 x 10% USCs at passage 3 were seeded in
a six-well plate and the medium was collected
after incubation with serum-free «-MEM at
37°C in 5% CO, for 24 h or 48 h. In the no-
ncontact coculture system, the old medium
was collected when changing the medium dur-
ing the period of noncontact coculture with
general medium or osteogenic medium. Briefly,
10 ul of culture supernatant was added to the
96-well plates and combined with the spe-
cific antibody. Then, a horseradish peroxidase
(HRP)-conjugated antibody was added to each
well and incubated at 37°C for 30 min. The
optical density (OD) was measured at a wave-
length of 450 nm after specific visualization.
The concentration in the samples was calcu-
lated by comparing the OD of the samples to
the standard curve.

Construction of cell sheets

PDLSCs and USCs at the same ratios used to
assess differentiation were used to construct
cell sheets in 6-well plates as follows: group 1:
1:0.5 (1 x 10° PDLSCs and 0.5 x 10°% USCs),
group 2: 1:1 (1 x 10° PDLSCs and 1 x 10°
USCs), group 3: 1:2 (1 x 10% PDLSCs and 2 x
105 USCs). As a control, 1 x 10% PDLSCs were
also cultured in a monolayer in osteogenic
medium. After PDLSCs reached 80% conflu-
ence, the noncontact cocultured cells were
treated with osteogenic induction medium for
10 days. After 10 days, the cell sheets were
harvested and easily detached from the culture
plates with a cell scraper.
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Observation by scanning electron microscopy
(SEM)

The detached cell sheets from each group
were washed with PBS three times and fixed
with 2.5% glutaraldehyde at 4°C overnight.
The samples were dehydrated, dried and anod-
ized in an electrolyte solution containing 0.5 wt
% hydrofluoric acid and 1 M phosphoric acid for
1 h. Then, the whole sample was observed by
SEM (Hitachi SU-8010, Tokyo, Japan).

Hematoxylin and eosin (H&E) and immunohis-
tochemical staining

The detached cell sheets were fixed in 4% para-
formaldehyde for 2 h, paraffin-embedded and
then cut into 5-um thick sections for H&E stain-
ing. Other sections were subjected to immuno-
histochemical staining. Briefly, sections were
deparaffinized, immersed in 3% H,0,/methanol
and then incubated with an optimal concentra-
tion of anti-OCN (1:200, Abcam), anti-periostin
(1:200, Bioss), and anti-CEMP1 (1:400, Bioss)
primary antibodies overnight at 4°C. Next, the
sections were incubated with secondary anti-
bodies (1:1000, Bioss) and stained with 3,
3’-diaminobenzidine (DAB). The stained sec-
tions were then observed under an inverted
microscope.

Ectopic transplantation into nude mice

Ten 6-week-old immunodeficient mice (BALB/
c-nu; Chongging Medical University Medical
Laboratory Animal Center, Chongging, China)
were used in this experiment. Thirty milligrams
of HA was wrapped into a ball surrounded by
three-layered cell sheets, and the cell sheet
graft complexes were then incubated with a
small quantity of culture medium at 37°C for 1
h to allow better adhesion. Mice were ane-
sthetized and transplanted with different gr-
afts as follows: group 1 (30 mg HA with PDLSC
sheets at a PDLSC/USC ratio of 1/2) and
group 2 (30 mg HA with PDLSC sheets without
USC treatment). Each mouse received two
grafts, one on each side. The wounds were
sutured to achieve primary closure. Six weeks
after transplantation, the mice were eutha-
nized, and the grafts were removed for histo-
logical analysis. All animal procedures followed
the guidelines set forth by the Institutional
Animal Care Committee.
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Histological analysis

All specimens were fixed in 4% paraformalde-
hyde for 24 h, decalcified with 17% ethylenedi-
aminetetraacetic acid (EDTA), and embedded
in paraffin. One group of paraffinized sections
(5-um thick) was processed for H&E and
Masson’s trichrome staining according to the
manufacturer’s instructions. The other group
of sections was used for immunohistoche-
mical staining as described above. The an-
tibodies used in this work included pri-
mary antibodies against OCN (1:200, Abcam),
POSTN (1:200, Bioss) and CEMP1 (1:400,
Bioss) and secondary antibodies (1:1000,
Bioss). The stained sections were observed
under an inverted microscope. The relative
expression of target proteins was calculated
from at least 3 randomly selected fields from
each group using Image-Pro Plus 6.0 software.

Statistical analysis

All data are presented as the mean * standard
deviation (SD). Quantitative data were statisti-
cally assessed using an Student’s t test when
only two groups were compared and a one-way
analysis of variance (ANOVA) when many gr-
oups were compared with SPSS version 23.0
software (SPSS, Inc., Chicago, IL, USA). P val-
ues less than 0.05 indicated statistical
significance.

Results

Isolation and characterization of PDLSCs and
USCs

Primary PDLSCs/USCs were successfully ob-
tained from PDL tissues and urine and main-
tained a stable morphology after passage.
Primary PDLSCs were observed around tissue
pieces and exhibited a fibroblast-like morphol-
ogy after passage (Figure 1A, 1B). The primary
USCs were observed in culture plates approxi-
mately 3 to 7 days after initial seeding, after
which they reached confluence after 12 days
and exhibited an elongated shape after pas-
sage (Figure 1H, 1l). Both types of cells for-
med colonies and the percentages of PDLSCs/
USCs that formed colonies were 28.93% +
1.41 and 22.4% + 1.27, respectively (Figure
1C, 1D, 1J, 1K). After induction in osteogenic
medium or adipogenic medium for 21 days,
PDLSCs/USCs formed mineralized ECM, as
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observed by alizarin red staining (Figure 1E,
1L), or accumulated lipid droplets, as obser-
ved by Oil Red O staining (Figure 1F, 1M). In
addition, flow cytometry demonstrated that
the PDLSCs/USCs were positive for the MSC
markers CD90 and CD105 and negative for
the markers CD31, CD34 and CD45 (Figure 1G,
1N).

Cellular effects of noncontact cocultured USCs
on PDLSCs

The effects of USCs on PDLSC proliferation
were determined by CCK-8 assays on days 1, 3,
5 and 7 (Figure 2). The number of PDLSCs
cocultured with USCs was significantly higher
after 5 days of culture than the number of
PDLSCs cultured in monolayers without USCs.
In addition, although PDLSCs/USCs at a ratio
of 1/1 showed more active proliferation, there
was no significant difference in active proli-
feration among the three groups cocultured
with USCs. ALP staining and alizarin red stain-
ing showed that PDLSCs noncontact cocul-
tured with USCs formed more mineral nodules
and exhibited higher ALP activity than PDLSCs
not cultured with USCs (Figure 3A). ALP activity
and calcium content exhibited the same trend,
and PDLSC osteogenesis increased with the
ratio of USCs (Figure 3B, 3C). To further analyze
the effects of USCs coculture on PDLSCs,
RT-PCR and WB analysis showed that PDLSCs
cocultured with USCs had significantly higher
gene and protein expression of the osteo-
genesis-related genes ALP, RUNX2, OCN, and
POSTN than the corresponding controls (Fig-
ure 4A-D, 4F, 4G). In addition, expression of the
cementogenesis-related gene CEMP1 at the
gene and protein level was significantly higher
in PDLSCs cocultured with USCs than in the
corresponding controls and increased with the
increasing proportion of USCs (Figure 4E-G).

Expression of VEGF and b-FGF in conditioned
medium

The ELISA results suggested that the trophic
factors secreted by USCs included VEGF and
b-FGF. There was no significant difference in
the expression of b-FGF in the supernatant of
USCs at 24 h or 48 h. The expression of VEGF in
the supernatant of USCs was slightly higher at
24 h than at 48 h (Figure 5A). The expression of
VEGF and b-FGF was higher in general medium
from PDLSCs cocultured with USCs than in that
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hPDLSCs hUSCs

S CONT CD31041% CD340.53% N CONT CD310.4% CD34 0.38%
CD45 1.06% CD9099.98% CD10589.12% CD450.3% CD90 97.44% CD105 97.38%
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Figure 1. Isolation and characterization of PDLSCs /USCs. A, H. Primary human PDLSCs were observed around
tissue pieces, and USCs were observed in culture plates. B, I. hPDLSCs exhibited a fibroblast-like morphology after
passage, and hUSCs exhibited an elongated shape after passage. C, D, J, K. Representative figures show the pro-
liferation of a single clone of hPDLSCs/hUSCs. E, L. Mineralized nodule formation following osteogenic induction is
indicated by positive alizarin red S staining. F, M. Lipid droplets were found by Oil Red O staining following adipogenic
induction. G, N. Flow cytometric analysis of exvivo-expanded hPDLSCs/hUSCs revealed positive CD105 and CD90
expression and negative CD31, CD34 and CD45 expression. The scale bar represents 50 ym. PDLSCs, human peri-
odontal ligament stem cells; USCs, human urine-derived stem cells.
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Figure 2. The effects of USCs on the proliferation of
PDLSCs. The OD value was determined by CCK-8 as-
says on days 1, 3, 5 and 7. The proliferation activ-
ity of PDLSCs cocultured with USCs was significantly
higher than that of PDLSCs cultured in monolayers
without USCs after 5 days. The data are shown as
the mean £ SD. *P < 0.05.

from PDLSCs cultured without USCs on day 3 to
day 5 and day 5 to day 7 (Figure 5B). In osteo-
genic medium, the expression of VEGF and
b-FGF in PDLSCs cocultured with USCs was sig-
nificantly higher than in PDLSCs cultured with-
out USCs (Figure 5C).

Effects of noncontact coculture with USCs on
PDLSC sheets

After 10 days of culture, the four groups of
PDLSCs all formed complete cell sheets that
were segregated at the edge of the well plates.
The cell sheets in all groups were ivory and
exhibited a visible membrane-like morphology
(Figure 6A-D). SEM demonstrated that the cell
sheets from all four groups had a dense film-
like cellular network that maintained tight junc-
tions between the cells, and the PDLSC sheets
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cocultured with USCs contained denser colla-
gen layers than the control PDLSC sheets
(Figure 6E-H). As shown by H&E staining, the
cell sheets from all four groups were dense and
contained many cells. Furthermore, USCs co-
culture promoted the generation of more layers
and more ECM by the cell sheets, and ECM gen-
eration in the PDLSC sheet was promoted to
the greatest extent at a PDLSC/USC ratio of
1/2 was promoted to the greatest extent
(Figure 6l-L). Immunohistochemical staining
showed that the cell sheets of all four groups
expressed OCN, POSTN and CEMP1 (Figure
7A), while the PDLSC sheets at a PDLSC/USC
ratio of 1/2 expressed higher levels of all the
target proteins than the corresponding controls
(Figure 7B-D).

Regenerative hard tissue formation in vivo

At 6 weeks after cell sheet implantation into
the subcutaneous space of immunodeficient
mice, all samples were harvested and exam-
ined by H&E and Masson’s trichrome staining.
H&E and Masson’s trichrome staining showed
that a quantity of dense and notable collage-
nous fibers had formed in both groups, while
regenerated tissues in the corresponding con-
trol group were few in number and scattered
(Figure 8A, 8A1, 8B, 8B1, 8C, 8C1, 8D, 8D1).
The quantification of the percentage of the pos-
itive area to the total area showed the same
trend (Figure 8F). Furthermore, immunohisto-
chemical staining showed that the expression
levels of CEMP1 and POSTN were higher in the
experimental group than in the control groups,
even though there was no difference in OCN
expression between the two groups (Figure 8E,
8G).

Discussion

The overall results of this study demonstrate
that USCs at a proper ratio promote the prolif-
eration and osteoblastic/cementoblastic differ-
entiation of PDLSCs through noncontact cocul-
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Figure 3. The effects of USCs at different ratios on the osteogenic differentiation of PDLSCs. A. Representative
figures of ALP staining of PDLSCs treated with osteogenic medium for 7 days and alizarin red staining of PDLSCs
treated with osteogenic medium for 21 days. B, C. The quantification of ALP activity and alizarin red staining showed
the same trend in which PDLSCs noncontact cocultured with USCs exhibited higher ALP activity and formed more
mineral nodules. The data are shown as the mean + SD. *P < 0.05. The scale bar represents 50 pm.

ture and that this effect increased with the pro- ducive to cell sheet formation and the os-
portion of USCs. Furthermore, USCs were con- teoblastic/cementoblastic  differentiation of
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Figure 4. The effects of different ratios of USCs on PDLSC multiple differentiation. A-E. The PCR results showed that PDLSCs cocultured with USCs had significantly
higher osteogenesis/cementogenesis-related genes expression than the corresponding controls after osteogenic induction for 7 days. F, G. The Western blot results
showed that PDLSCs cocultured with USCs had significantly higher osteogenesis/cementogenesis-related proteins expression than the corresponding controls after
osteogenic induction for 7 days. The data are shown as the mean £ SD. *P < 0.05.

370 Am J Transl Res 2020;12(2):361-378



Effects of human urine-derived stem cells on the cementogenic differentiation

. 24h
=3 48h

Figure 5. The expression of VEGF and b-FGF in conditioned medi-
um. A. The ELISA results show the expression of VEGF and b-FGF in
serum-free medium of USCs at 24 h and 48 h. B. The expression of
VEGF and b-FGF was higher in general medium from PDLSCs cocul-
tured with USCs than in that from PDLSCs cultured without USCs
on days 3to 5 and 5 to 7. C. The expression of VEGF and b-FGF was
significantly higher in osteogenic medium from PDLSCs cocultured

0- with USCs than that from PDLSCs cultured without USCs. The data

VEGF b-FGF

1500 mm Control

]*],l*

l*],

.S 10004

VEGF concentration (pg/ml) &
W
8
L

o
L

1-3d

2000+
Em Control

]*]*]* b
U

1500+

1.

1000+

o

}=3

=]
1

VEGF concentration (pg/ml) O
o
L

PDLSCs in vitro. The PDLSC sheets cocultured
with USCs in combination with nanocrystalline
HA exhibited increased osteoblastic/cemento-
blastic differentiation in vivo compared with
the control PDLSC sheets. In this study, the
paracrine effect of USCs enhanced the prolif-
eration and differentiation of PDLSCs and may
therefore be an alternative choice for periodon-
tal tissue regeneration.

Recently, to overcome the limitations of tradi-
tional clinical periodontal treatments used to
regenerate periodontal tissue, periodontal tis-
sue engineering based on the use of stem cells
has received widespread attention and has
undergone thorough investigation. In particu-
lar, it is necessary to maintain the complete
structure of bone, PDL fibers and cementum
during the regeneration process during peri-
odontal tissue engineering [20]. Cementum is a
connective tissue covering the roots of teeth
that connects with the PDL and alveolar bone
to form a functional structure. Therefore,
cementogenesis is a key process for periodon-
tium regeneration [47]. CEMP1 expression was
shown to be limited to cementoblasts, PDL
cells and cells around the vessels in periodon-
tium cementoblasts, indicating that CEMP1is a
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marker protein for cementoblasts and their
progenitor cells [48]. Although the addition of
growth factors, such as platelet-derived growth
factor, insulin-like growth factors and enamel
proteins, can induce the formation of cemen-
tum/bone-like structures for periodontal regen-
eration, the application of biological factors is
suboptimal because of the decrease in topical
factors over time [49-52]. USCs, which can be
harvested from voided urine via an easy, safe,
low-cost and noninvasive method, possess
stem cell characteristics and have high prolif-
erative capacity and multipotent differentia-
tion potential [30, 37, 38]. o date, research on
the application of USCs to periodontal tissue
engineering has not been conducted. Our
results demonstrate that USCs can promote
CEMP1 expression in PDLSCs in not only an in
vitro coculture system but also in tissue regen-
erated in vivo after osteogenic induction; the
use of USCs may be a new strategy to regener-
ate cementum for periodontal tissue engineer-
ing. A previous study showed that osteogenic
stimulation inhibits the cementogenic path-
ways while upregulating the osteogenic path-
ways of PDLSCs, whereas Vc induction promot-
ed the cementogenesis of PDLSCs for peri-
odontal regeneration [53]. In our research,
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PR\

Figure 6. Morphological characteristics of noncontact PDLSC sheets cocultured with USCs. A-D. Representative
macroscopic images of PDLSC sheets formed in culture plates after osteogenic induction medium for 10 days ex-
hibited a visible membrane-like morphology. E-H. Representative SEM images of PDLSC sheets revealed a dense
film-like cellular network that maintained tight junctions between the cells. I-L. Representative H&E staining images

of PDLSC sheets showed dense ECM. The scale bar represents 50 um.

USCs promoted the expression of both cemen-
togenic and osteogenic genes through noncon-
tact coculture in osteogenic medium, which
indicated that two balanced antagonistic path-
ways may contribute to periodontal tissue
regeneration.

In periodontal tissue regeneration, the micro-
environment plays an important role in regulat-
ing seed cells [54]. Various cellular factors in
the microenvironment, including autocrine and
paracrine factors, can facilitate the regenera-
tion of complex tissues by affecting the prolif-
eration and differentiation of stem cells [55].
However, cellular factors secreted by a single
cell type are limited and cannot adequately
maintain diversity in the microenvironment
[13]. Interestingly, previous studies have shown
that USCs secrete a variety of trophic factors,
including various types of growth, inflammato-
ry, and immunomodulatory factors. Growth fac-
tors, especially VEGF-related factors, deserve
more attention [38]. Therefore, we reconfirmed
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the content of VEGF and b-FGF in the serum-
free medium of USCs. At the same time, VEGF
and b-FGF content in the general medium or
osteogenic medium of the coculture system
was detected. Although there was serum inter-
ference, the results showed that USCs could
increase the concentrations of VEGF and b-FGF
in the noncontact coculture system. Previous
studies demonstrated that VEGF and b-FGF at
certain concentration ranges have a positive
effect on proliferation, which is consistent with
our observations that there was no difference
in the proliferation of PDLSCs cocultured with
USCs at three ratios. In addition, previous st-
udies showed that VEGF can promote osteo-
genic differentiation, but exogenous b-FGF may
slightly inhibit osteogenesis. When VEGF and
b-FGF exist in a system, the synergistic effect
was shown to depend on the proportion [22]. In
our study, the expression of osteogenesis-relat-
ed genes and proteins tended to increase with
the ratio of USCs noncontact cocultured with
PDLSCs. Therefore, USCs can promote the pro-
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Figure 7. Immunohistochemical analysis of noncontact PDLSC sheets cocultured with USCs. A. All cell sheets posi-
tively expressed OCN, POSTN and CEMP1. B-D. The quantitation of OCN, POSTN and CEMP1 immunohistochemical
staining showed that the PDLSC sheets at a PDLSC/USC ratio of 1/2 expressed higher levels of all the target pro-
teins than the corresponding controls. The data are shown as the mean = SD. *P < 0.05. The scale bar represents

50 pym.

liferation and differentiation of PDLSC by para-
crine effects, but the mechanisms need further
study.

Although stem cell sheets, a cell delivery strat-
egy that maintains contact among cells, have
been widely used in periodontal tissue engi-
neering research, there is no ideal method with
which to obtain enough cell sheets to meet the
needs of clinical application [40, 43] . Until
now, cell sheet formation was a long and com-
plicated process [44, 45]. Although Vc induc-
tion and osteogenic induction are both com-
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mon ways to produce cell sheets, there is no
consensus on which method is better for peri-
odontal tissue regeneration [44, 56]. USCs
cocultured with PDLSCs at three ratios promot-
ed PDLSC sheets formation, resulting in more
cell layers and ECM production and promoting
the differentiation capacity of osteogenic
matrix cell sheets in vitro (Figures 6, 7).
Moreover, we found that cell sheets produced
at a PDLSC/USC ratio of 1/2 distinctly increa-
sed the tissue formation of PDLSC sheets in
vivo (Figure 8). These results demonstrate that
USCs facilitate the formation and multiple dif-
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Figure 8. Regeneration of new tissue by PDLSC sheets mixed with hydroxyapatite in nude mice. A, A1, B, B1. Repre-
sentative H&E staining images of the transplants showing regenerated tissues in the corresponding control group
were few in number and scattered. C, C1, D, D1. Representative Masson’s trichrome staining images of the trans-
plants showed that a quantity of dense and notable collagenous fibers had formed. E. Representative immunohisto-
chemical staining images of the transplants showed that both groups positively expressed OCN, POSTN and CEMP1.
F. Quantitative analysis of the new hard tissue area. G. The quantitation of OCN, POSTN and CEMP1 immunohisto-
chemical staining showed that the expression levels of CEMP1 and POSTN were higher in the experimental group
than in the control groups. The black arrow shows regenerated tissue. The data are shown as the mean + SD. *P <
0.05. The scale bar represents 50 uym.

ferentiation of PDLSC sheets in osteogenic
medium through noncontact coculture and that
the osteogenic matrix PDLSC sheets regener-

with USCs is a potential method of periodontal
tissue engineering.

ate tissue-expressed cementogenic and osteo-
genic genes in vivo. Therefore, the noncontact
coculture of osteogenic matrix PDLSC sheets
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Coculture is a powerful tool with which to under-
stand the interactions between cells. Both cell-
to-cell contact and paracrine mechanisms play
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important roles in coculture systems [54].
Although a noncontact coculture system can-
not completely simulate the spatial relationship
between two types of cells, it allows for the
real-time observation of the effects of USCs on
PDLSCs and avoids the use of difficult cellular
and molecular analyses in a direct coculture
system [57]. USCs exhibit a weaker capacity for
osteogenesis as seed cells than bone marrow-
derived MSCs, and USCs are not the best seed
cells for periodontal regeneration; however, the
paracrine effect of USCs has attracted wide
attention [38]. Noncontact coculture with USCs
at three ratios clearly increased the osteoblas-
tic/cementoblastic differentiation of PDLSCs
compared with PDLSCs cultured alone, which
suggests the beneficial use of USCs as an aux-
iliary factor with the potential to facilitate
PDLSC regeneration to alveolar bone and
cementum for periodontal tissue regeneration.

In this study, we confirmed that USCs can pro-
mote the osteogenic and cementogenic differ-
entiation and proliferation of PDLSCs, acceler-
ate cell sheet formation, and increase the pro-
tein expression of osteogenic and cementogen-
ic genes in PDLSCs through noncontact cocul-
ture; furthermore, these effects were shown to
be ratio-dependent. Osteogenic matrix PDLSC
sheets that are noncontact cocultured with
USCs are a potential way to regenerate cemen-
tum/bone-like structures in vivo. These results
suggest the use of USCs in periodontal tissue
engineering through their paracrine effect on
PDLSCs for the first time. Although the molecu-
lar mechanism of the effect of noncontact
coculture with USCs on PDLSCs requires fur-
ther study, the noninvasive collection method
of USCs and their stable expansion make USCs
a prospective new strategy for application in
clinical periodontal tissue repair.
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